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Abstract 
This thesis presents a speed controller for an induction 
motor using a microcomputer. The supply for the motor 
consists of a three phase, pulse-width modulated voltage, 
which is synthesized by the microcomputer gating the 
thyristors in a dce-side commutated inverter. The possible 
applications for a variable speed drive using an induction 
motor are pointed out. The use of a microcomputer as 
controller for the inverter and the advantages of its use 
are described. 

An introduction to the fundamentals of variable speed 
ac-drives is given, including a description of operating an 
induction motor from a nonsinusoidal supply. Various schemes 
for generating such a supply, and several choices for 
control strategies, are stated. The control strategy 
selected for the induction motor is the constant slip 
control. The inverter used in the study, as well as the 
Characteristic features of the motor and the control 
computer, are described. 

A description is given of the software for generating 
the gate pulses for the inverter and control and 
experimental results are included from laboratory tests 
conducted on a small motor in the University of Alberta 


Power Blectronics Laboratories. 
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i2= Introduction 
The induction motor is the most common electromagnetic power 
transducer. It is estimated that over 60 % of the total 
electrical power consumption in North America is used by 
this type of motor, because it combines excellent 
performance at rated load and, especially with a 
squirrel-cage rotor,ruggedness and simplicity. 
The induction motor though has two major disadvantages: 
= the enormous amount of overcurrent when starting. (5 to 
6 times rated current,mostly reactive) 

= it 1s difficult to vary the speed of a squirrel-cage 
induction motor but with wound-rotor type motors a 
limited degree of speed variation can be achieved with a 
corresponding loss in efficiency. 

The induction motor, therefore, is most economical ‘at its 

rated speed. 

Industrial processes, however, require an increasing 
number of variable speed drives, and the rising cost of 
energy determines the need for efficiency. In the past, 
wherever a variable speed drive was to be applied, the only 
choice available was a dc-motor because of lower cost. 
Problems associated with this type of motor surface when 
high-power drives are required or when the motor is to) be 
applied in adverse environments (for instance Submersed in 
fluids or where explosion hazards occur). The low inertia of 
the squirrel-cage induction motor, and the lack of 


mechanical elements that have to transfer the current to the 
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rotor (brushes), make this motor particularly suitable for 
the mining industry. The induction motor is more 
reliable,more compact and requires less maintenance 
(negligible maintenance in some cases) than the dc-motor. 

Because of the rising cost of energy and the steadily 
decreasingrcost of sSolidsstatefcircuitry? variabletspeea ac 
drives have now become competitive with dc-drives and 
further improvements can be expected. In the conventional 
induction motor drive with fixed frequency, speed control is 
effected by inserting additional resistors in the phases of 
the rotor. This reshapes the torque-slip characteristic of 
the motor in such a way that the point of maximum torque is 
enabredstonhiqhergslipevaltesulineluding S=1)=ni1enocue 
changing the maximum torque value. 

But speed control by inserting additional resistors 
only works if there is a constant loading torque. Once this 
torque is removed the rotor approaches synchronous speed 
regardless of the size of the resistor inserted in the 
rotor. These disadvantages can be overcome by feeding the 
motor through a static inverter,rather than connecting it to 
the mains directly. With this inverter-motor configuration 
and an appropriate control strategy, many advantages can be 
achieved.These advantages include 
= adjustable speed from standstill up to rated motor speed 

or even higher, 
- losses only slightly higher than those at rated speed as 


the motor speed is decreasing. (The losses mainly are 


oe ee 
_ “met aksanbus: er) 
a ton ae ia ano . 
snoensamidh 289) Sraibaes bre soe 
2agon~sb ait: mers (apes SniGe’ ar ee 


i¢ ws: L- 


qliSesse edz bas yorsing 2 Ag s202 pnistt ate dors 
se besae eicertésy Queicewts = Brice 20 2803 priasavogh 


“qo 


ons 25viidb-38 wfady ey JL FI SGheS aiozed Mae, 88 vid 


isnotuagyas2 sig at -begosg=4 sd nko ssnemneiseni vasa a 


gt lorzaeo bovas) « yatapes7 feel? dnsiw eviidbh TeIem sola bar! 


co aseadg eitd nt aqaseiees Lacettibhs ptistaant ie bens 1I6 


(s gersuess aid? .s6n0 4 


: . : , 
+4 shseiszssoarsds Gitersrp2o4 . 21 


ai serpyoa a 16. (ah tog 7242 .tet> Thy) 4 fous vt sofem 8 ‘a 


suottiw (=e sniBuleal), agucevqile, tate bt oF basse 2 


awa wisn © 
. 


fain syo uo) mioeed a9 sokename 
2 
- 


sisseieey enol sibes pnt ssgeni yd ferrnos desqe mf 


sid¥ enAO .supxe? eribsel Ipevpitoa s ex su305 ii zisoe ght 
beede syonesrsoaye dsrinsodads 163n3 4Sd2 vevohes et supt 4 
| one ni Baftesn) wseieds afit- +9 ssfz wit to 2asibn 
afd poibss2 Yd siQoteve ad 6% sith eaks® g2ait 

| dé QAtIneannes nedd yedas:. ee: Jidese «4 a } 


ndispyapr tnes yovon*tagasvei stay daw oeioca ii 


82 auescnavaa onset. yiperesi2 scimtaahd acetq7a iia 
sy Jae = 
om haeerabe soensnaibs weer av 


7 — 


sil 


produced in the commutating circuitry of the inverter) 
constant speed even at varying loading torques, 
motor operation near the peak torque over the total 
speed range, 
= possibility of soft starts with no excess currents, and 
= no increase of current over the rated magnitude when 

starting. 
Many publications can be found concerning the speed control 
of induction motors by analog means. Since the relationship 
between slip and torque is nonlinear at lower speed, some 
measures have to be applied to compensate for this 
nonlinearity. It is difficult to realize these correcting 
measures in analog circuits but this can easily be done with 
a programmable controller, using a microcomputer. Since the 
cost of microcomputers is rapidly decreasing and since they 
are easy to program, their use in controlling an induction 
motor-inverter configuration.is: justified..In.using a 
microcomputer, there is also the possibility of applying 
optimal control methods by multivariable state-feedback 
Control wubha setypesOimcontrol as,diffticult tosamplemen: 
using analog hardware. Another advantage is that control 
Parameters,e like gainjfactorssof theycontrollersecansbe 
changed interactively and on-line. 

Applications for the induction motor - static inverter 
combination would be: 
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Large fans often have to be Gesigned. for the worst case, 
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Or maximum air flow,but do not have to be run at that 
rate for most of the time. So the common practice is to 
run the fan only temporarily and whenever a measured 
variable (such as heat or exhaust gas) rises above a 
certain level,to start the fan. Every start produces 
enormous stress on the motor, since the starting current 
usually is 6 times the rated current and therefore the 
number of starts determines the lifetime of the motor. 
In addition,the large current is at a poor power factor 
and thus produces a considerable voltage drop in the 
power line. The inverter motor combination can solve 
these problems since, by running the motor at varying 
speeds not only can the air flow be adjusted, but also 
energy is saved and the lifetime of the motor can be 
extended. 

Centrifugal Pumps 

Centrifugal pumps for pipelines have to carry a number 
of different refinery products with different density 
coefficients.mastdescribedfins([ddythe workangwpo2mnteer 
the pump is determined by the resistance characteristic 
of the pipeline. The conventional way of changing the 
flow rate is by altering the resistance of the pipeline 
through a throttling device. This causes the pump to 
assume another working point at the same, or only 
slightly changed, speed as before,but the throttling 


causes increased losses, both in the pipeline and in the 


motor. 
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With a speed controlled motor, energy can be saved. 
Instead of closing the valves for CHEOtT EM nagether flows of 
the pumped medium, motor speed and power consumption are 
reduced. 
3. Multi-motor Equipment 
Soft starting of multi-motor equipment,such as large 
conveyor belts,with a fair amount of mass to be 
accelerated,can be achieved without oscillations and 
excess torque. 
4, Other Applications 
Applications also include situations where variable 
Speed is desired and a dc-motor cannot be used, for 
maintenance reasons, explosion hazards, or because the 
required owe? 1s too much for a dc-motor to commutate. 
Piepapplicaticons can ibe in minang, traction motorseror 
large electric trains, petro-chemical sites, refineries 
and so on. 
But with all these possible applications, the economical 
side of the coin must also be considered, since the price 
for a controlled speed drive is much higher than that for a 
single induction motor. Sometimes the amount of energy saved 
by the controlled speed drive is not substantial, especially 
when the power demand of the load does not follow a linear, 
but rather a square- or cube-law. Taking into account the 
overall efficiency of the inverter-motor-combination which 
will not exceed 86 % ,even with the largest units,the losses 


in the uncontrolled motor will have to be well over 14 % to 
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justify the controlled Speed drive for energy conservation 


reasons only. 


2. Fundamentals of the Static Inverter Drive 


2.1 The Induction Motor with Nonsinusoidal Supply Voltage 
The lumped parameter diagram of the induction motor as 
shown in Figure 2.1, is the same as for a transformer,except 


that R./s replaces the load resistance. 


I, 


Ip 
——— ie 


Figure 2.1 Equivalent diagram for the induction motor 


As can be seen from the above diagram,the equation for the 


primary current can be expressed as: 


Ry + $2 + 4(%) + Xp) (2.1) 
This equation is readily derived from basic machine theory 
and includes the assumption that the magnetizing current is 
megricible. Equation 2.1 is used = for deriving che wcircle 
diagram of the induction motor. From this diagram all 
characteristic data (current,power and torque) can be 
obtained by measuring the length of certain lines on the 


circle diagram and multiplying them by the appropriate scale 
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facbom The circle diagram shows the locus of the tip of the 
phasor I1 and can be obtained by impedance inversion as 


described in reference [2]. 


The input impedance diagram for an induction motor is 


Shown anePigure 2 %2% 


Resistance 
xis 


Se Ss Reactance 
axis 


Figure 2.2 Input impedance as a function of slip [2]. 


The only parameter is s or R./s and a negative slip 
means that the rotor is driven externally into 
supersynchronism. 

When this input impedance diagram is inverted,the well 
known circle diagram for the induction motor is obtained as 
shown in Figure 2.3. This diagram is a good approximation 
for the normal case of sinusoidal current waveforms and 


assumes that the air-gap flux is constant at all speeds and 


re 
ial we . aa 


es Yo qi ane oe Tl 
7 ~ 
wy e& fnolesavert ~otil gat. uae 4 besde ‘4 ma 


: Con esi oes rats 


‘ ime. @ 


eat sodom lief dsubna ae o bhistealt surraiie qa 
£8 


al 


i 
—_— — ee Re 
ie, 
f . ¥ 
¥ 
“ 
J 
So ee Se ee 


A 

7 

fS] qtlLe eo noésonue £ ea ganabeepal, juqet $.£ 9 aupit 
= 

. a 

. 


qife svizegsn & ons ie 2 26 2 af zatgomrng gino 3 i 
nee. \cuSaniee xs neviab ui: 20fo7 wie 7 Bax 


impressed voltage 


Angle of maximum 
power factor 


Locked - rotor 
Max. Max. current 
output torque 


“ef 


bee 


Core joss omer as ; Im 
no-load capper loss 


MiCULea2. Current fas a function of slip [5]. 


the frequency is low enough that no skin effect occurs. In 
the inverter fed case, however, currents are nonsinusoidal, 
therefore harmonic losses and torques have to be taken into 
account and the circle diagram changes with frequency. In 
the varying frequency case, the reactances decrease linearly 
with decreasing frequency, but the winding resistances 
remain constant. The current locus for the variable 
frequency case can be obtained by impedance inversion again 
as in the constant frequency case. 

Figure 2.4 shows the current loci for the varying 
frequency case with constant Volts/Hz operation. The 
impedance circle (its size is determined by X22/4m*) reduces 
in size and moves upwards as frequency decreases. The 
torque-speed characteristic, as shown in Figure 2.5, can be 


obtained from the circle diagram of Figure 2.2, by taking 
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Figure 2.4 Circle diagram for varying frequency [2]. 


the length of line AC for different values of slip. 

Figure 2.5 shows that at rated load the machine is rather 
BStiri. The variation of speed 1s small for varying load 
torques. When the loading torque is increased to the peak 
value, the machine becomes unstable, since the produced 
torque@scannot babancecthe iload<tongue. aFurthermoreethis 
shows that the rated torque is about only 1/3 of the peak 
value in order to maintain high efficiency and stability. 
Phesehiuctency usdshightly hessttham isoanlugus apparent 
fhamcasmalues kiptvalue at rated load is needed. Rated slip 


is about 5 % and pullout slip (the slip for pullout torque) 
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Figure 2.5 Torque-speed characteristic [3]. 


is about 20 %. Hence the normal operating range for an 
maduetion motor. wields? an ~erriciency, of 85-95% at a maxamum 
power factor of 0.85-0.9, lagging. The controlled speed 
drive, however, allows operation closer to the maximum 
Comque without sliosswoftstability if the rotor sae TESS is 
reduced, as a design feature, in order to keep rotor losses 


small. 


2.2 Inverter Types 

Variable speed ac-drives require a three-phase, 
variable frequency voltage or current source. To achieve 
this several methods can be employed. Tae most practical 
ones are described briefly and their advantages and 


disadvantages stated. 


Ui} viselasscayad>, besgenaupre?. te 


=i) 


06 2012 sees enisexedo fenicn-edt sogst .* OS Sue 
maine & Je % 22-S8596) Yansiastis te cher SB tosa0 ied 
baage beiiovtnot Ba? -pot pas! vt 0-88 et 26 Ene! 
mminew sdt ¢4 t680bs naivesegr eeolis ,rsvewud 


ai sonsigtae: tofen sqt. Ti vii titmue 40 a20f swoitia sup 7 
= _ 


= 


aseao! toro: qeaa of defen nb Siinet apimes 6 26 


Da 
7 * 


eZ 


2.2.1 The Cycloconverter 

This type of variable frequency, variable voltage 
converter is shown in Figure 2.6. For simplicity, only the 
single phase version has been drawn, but the three-phase 
cycloconverter is comprised of three identical circuits 


Similar to the one illustrated in Figure 2.6. 


3 PHASE SUPPLY 


Figure 2.6 Cycloconverter [3]. 


The single phase cycloconverter comprises two 3-phase 
bridges connected together back-to-back. The output voltage 
of the converter consists of segments of the input sine wave 
which, in a highly inductive load, generates a sinusoidal 
current with low ripple component. 

Advantages of the cycloconverter include: 

- natural commutation, 
- generation of sinusoidal currents, 
- intrinsically high power output,because of the large 


number of thyristors involved, and 
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- operation down to zero frequency. 
Disadvantages include: | 
- poor power factor, 
- high demand on control and gating circuitry and 
- reasonable operation only up to half of the supply 
frequency 

The cycloconverter is a high-power, low-frequency 
ac-source and is being applied in rolling mills, steel 
factories and other cases where low speed but high power is 
required. Because of the high number of thyristors involved, 
this type is not suitable for microcomputer controlled ac 
drives, because the micro would be so busy generating 
pulses, that there would be no time left for current control 
or other calculations. Furthermore, the limitation on output 


frequency is not acceptable for many applications. 


2.2.2 The Current Source Inverter 

The current source inverter used for variable speed 
drives is shown in Figure 2.7. It requires the least expense 
for electronic components, although it makes use of large 
Capacitors and has other disadvantages. The current source 
inverter requires a large reactor as a dc-choke. A 
controlled rectifier feeds the dc into the link, while the 
inverter switches this current sequentially to the phase 
windings. The output current waveshape is approximately 
rectangular. The capacitors connected to the thyristors in 


the inverter part, serve as commutating devices and have to 
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3 phase supply 


controlled inverter motor 
rectifier 


Figure 2.7 Current source inverter 


carry the full load current at commutation instants. 


Advantages of this system include : 
Simplicity of operation, 
regenerative braking without additional circuitry and 
rectifier type thyristors (slow recovery) can be 


used,because of large commutation margin. 


Disadvantages include : 


poor power factor at low speed and light load, 

rather high losses in the semiconductors. (6 junctions in 
series in each conducting cycle. Rectifier-grade 
thyristors have slow recovery and higher losses), 

the dc-choke must be large, 

very low speed not possible because of torque pulsations, 
Switching losses increase with output frequency, and 


output voltages show large spikes at commutation instants 
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15 
which produce harmonic torques that interact with the 
fundamental of the current. Because of these voltage 
transients, semiconductors with higher voltage ratings 


have to be chosen. 


2.2.3 The Voltage Source Inverter 


3 phase supply 


uncontrolled 
rectifier 


Figure 2.8 Voltage source inverter 


The voltage source inverter operates with a fixed 
dc-bus voltage which is provided by an uncontrolled 
rectifier bridge through a dc-filter. The uncontrolled 
bridge eliminates displacement reactive power so that a good 
power factor is achieved (0.955 theoretically). 

Advantages of the voltage source inverter are: 

- high frequency operation, 
- excellent power factor and 


- thyristor and motor insulation requirements not increased 
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over normal rating. 
Disadvantages include : 
- extra commutation thyristors needed and 


- very low speed operation not possible because of pulsating 


torques. 


2.2.4 Pulse Width Modulator 

The pulse width modulator can be used for both types, 
current source inverter and voltage source inverter, though 
with constant voltage operation it shows the best results. 
The operating principle is to approximate a sinusoidal 
output current waveform by very fast switching of 
rectangular blocks. The harmonic content is substantial, but 
occurs at the high switching frequency so that there is 
little or no interaction with the fundamental current 
component. This means that only small pulsating torques will 
be present. One possible output voltage of a pulse width | 
modulator and the corresponding current are shown in 
Brqure 239% 

This method has the following advantages: 
- sinusoidal current(no pulsating torques) and 


- operation down to very low speed 


Disadvantages of the system include : 


- more complex control strategy and 


- at higher output frequencies,the commutation losses become 
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Figure 2.9 Output signal of the pulse width modulator 


very high, thus reducing the efficiency. 

It has been shown in the previous lines, that the 
voltage source inverter has good high frequency performance 
and the pulse width modulator has better low frequency 
performance. Since the difference of both inverter types is 
only determined by the application of different firing 
pulses whereas requirements on power circuits and 
commutation circuitry are the same, the perfect solution for 
a variable speed drive is the combination of both types. 
With a microcomputer that generates the gating pulses for 
the inverter, the transition from pulse width to six step 
operation is very easily achieved. The number of pulses per 
cycle is limited to about twelve, for frequencies in the 
range from 1 to 30 Hz because of the signal processing speed 


of the computer. This statement is true, if all the timing 
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calculations and the generation of pulses is done by the 
microcomputer itself, but becomes less important if the 


pulses are generated by external hardware, like programmable 


timers. 


2.3 Control Methods for Induction Motors 
The output torque of an induction motor depends on the 
Supply voltage as shown in equation 2.2 


T= Kx" (oo) 
T 


The torque-Speed characteristic for different supply 


voltages is shown in Figure 2.10. 


TORQUE 


Figure 220 Torque speed characteristic for voltage 


variation 


As noted in Figure 2.10, the simplest method of 


as 

ais yd. 2908 8i 298 
add Yi fied i08 

vain 

sltenagrpoig 3Ni2 \sTeMRRe 


_ ae 


singe moizoubal 102 2bodsem Jovgne a 

; : ; : : : } = 

sd2 no ehnsgeb 20somsaokzayha? as 10 supiet mque tT 7 
: / N =. 

c.f nobyeupe «i. avo -ee-epesion ¥ aa 


- = 
(2.5) | ven -T f 


| | : . ey . 
yiqgaue -dns2stio 367 sigpiza7ostseda bssqe-supi09 sf 
OfaS sxupia at nvede ete ssjlov 


Vs) 


speed-control would be to vary the stator voltage. This 
method gives poor speed-control and has slow response to 
load changes. Furthermore, the slip rises to large values, 
resulting in increased motor heating since 


Btesea Biv S (De3) 


The fact that the motor torque also decreases with decreased 
stator voltage means that a wide range speed variation is 
impossible using this method. 

Better methods of speed control are available and they 
all employ inverters of one of the types described 
previously. 

One method is to maintain a constant stator current into the 
induction motor even in transient states,for BRE ehce during 
a sudden load increase. This strategy requires that the 
converter respond over the entire speed-torque range 
otherwise there would be stability problems. But this 
constraint limits the speed range over which the strategy 
can be applied. 

A second method of speed control is to calculate the 
slip frequency using measured values of terminal voltage and 
current. In order to calculate the slip by this method one 
has to know the induction motor parameters accurately. Since 


the resistances vary widely with temperature, an accurate 


model is difficult to achieve. 
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A. B. Plunkett in [9] describes a method of controlling 
the phase angle between motor current and motor flux. When 
determining the position of the flux vector,one either has 
to compute it from measured current and terminal voltage, 
with the disadvantages described above, or to sense it 
directly by introducing a Hall-probe into the air gap of the 
motor. This method may be suitable for laboratory use, but 
because of its lack of robustness, the Hall-probe would be 
destroyed in a few weeks in a field application. 

A very simple method is to sense the shaft speed and 
control the terminal voltage so that the ratio of 
voltage/frequency (V/f) is kept constant. The ratio V/f is a 
good approximation for the airgap flux at medium speed 
ranges so the steady state performance is very good at these 
frequencies. As described earlier, the influence of the 
resistance at low frequency is increased over the influence 
of inductances so V/f is not representing the motor flux 
anymore and at high speed one runs into voltage limitation 
problems. 

The phenomenon of reduced flux at low speed will be 
explained further in the following section. Recall that the 
equivalent circuit for the induction motor was shown in 


Figure 2.1. The following phasor equations may be derived 


from this diagram 


Va =<p(Rigt dX1 Pied c + jX2 )I2 (2.4) 
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5X, (11 - 12) = (4+ 4X2)I2 (255) 


where the slip is defined as 
Senir) (2.6) 
The index 2 always refers to the rotor side and the index 1 
to the stator side when dealing with induction motors. 
The motor torque can be derived as, 


ee R 
T Noes peleliess (2.7) 


and inserting results from eq (2.5) and (2.6) yields, 


pm V) Canes xrIRo 
bE 2m fj E regi (X2e =k X )] 4 [x + £2 Bi kee So) 
1 £1Ro m lnlesy2 72 11 fy R> 


The torque changes with the square of the flux and the 
flux is proportional to the ratio V,/f,. More precisely it 
is E,/f, but usually the voltage drop across R, and &, is 
negligible. This is not true for low frequencies. The 
-voltage drop across R, is the same for all frequencies at 
rated load, but at low frequencies this is a considerably 
higher fraction of the supply voltage than at rated 
frequency. 

The remedy for increasing motor performance is a 
voltage boost, which may then give constant air-gap flux at 


all frequencies. A truly constant flux, however, can only be 
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obtained with a feedback system that measures the actual 
flux by means of some sensor (coil or Hall-probe). The 
sensor makes the system more expensive and liable to 
failures, hence an open loop system will be preferred, 
although this may lead to a higher core saturation at light 
loads. The core losses are not seriously increased by such a 
system, because of the low stator frequencies. 

The control strategy that shows the best results is the 
constant slip method. The torque-speed characteristics for 
slip control are shown in Figure 2.11. From this picture it 
is seen that the motor develops a constant torque up to 
rated frequency. As frequency increases further, the torque 
developed varies inversely with frequency but the power 
delivered to the load remains constant. This resembles the 
torque-speed characteristic of a d-c shunt motor. The 
constant slip control combines high efficiency of the motor 
operation with excellent speed variation. 

The advantages are of this system are ;: 

- motor operation at rated torque over the whole speed 
range, 

- high power-factor over wide speed range, and 

- by simply changing the control parameters this 
configuration can be adjusted to a variety of applications 

For traction applications a large starting torque is 
needed with less torque required at higher speeds. This is 
exactly the characteristic of the curves in Figure 2.10. 


Constant torque, constant horsepower, or constant speed 
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Figure 2.11 Torque speed characteristics with slip control 


characteristics can also be obtained with the controlled 
slip drive. 

In the microcomputer implementation of slip control, 
shown in Figure 2.12 a speed sensor (for example an optical 
tachometer or magnetic pickup) measures the actual rotor 
speed and the microcomputer compares this to the desired 
speed, which is obtained by subtracting the given slip value 
from the stator frequency. The stator frequency then is 
adjusted by changing the gating frequency of the three-phase 
inverter until the desired rotor frequency is reached. The 
speed control algorithm must have a slip-limit of less than 
the breakdown slip in order to not exceed the breakdown 
torque and to stay in the stable region of the torque-slip 


curve. This is relevant for both, motor and generator 
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inverter 


control 
computer 


reference 
input 


Figure 2.12 Microcomputer implementation of the controlled 
slip drive 


operation. A current limiting function also has to be 
incorporated since the control strategy does not inherently 


limit the motor current. 
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3. Description of the Inverter 

Two major advantages of the dc-side commutated inverter, 
illustrated in Figure 3.1, were instrumental in selecting it 
as a means of speed control. Firstly, the dc-side commutated 
inverter allows rather high switching frequencies. The upper 
limit is determined by the reverse-recovery time of the 
thyristors. The second advantage is that the commutation 
Si1rouit consisting of thyristors ThAutoaThUeLa lL emandacer 
limits the rate of rise of reapplied forward voltage (dv/dt) 
to moderate values. This makes the use of snubber circuits 


unnecessary and therefore inverter losses are reduced. 


3.1 The DC-Side Commutated Inverter Operation 

The dc-side commutated inverter operates with a fixed 
de-bus voltage, the output voltage magnitude being modified 
by varying the time-ratio of the conduction interval. 

Thyristors Th, to Th, make up the three phase inverter 
that alternately connects the motor windings to the positive 
or negative dc-bus terminal. In order to produce an 
output-phase rotation ABC, three thyristors always have to 
be turned on in a conduction interval. Two of these in 
either the upper or lower half of the bridge, the third in 
the opposite half. From the line diagram of Figure 3.2, it 
can be seen that the conduction interval of any thyristor is 
180° as opposed to 120° in a dc-drive thyristor bridge. The 


freewheeling diodes D, to D, of Figure 3.1 allow any 
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reactive component of the motor current to circulate when 
the main thyristors are turned off. Whenever a commutation 
sequence is performed, either the upper or the lower half of 
the bridge is turned off. Since turning off one half of the 
bridge disconnects the motor from the supply potential, a 
change of the firing sequence can now be initiated by firing 
the appropriate thyristors. 

The inverter configuration, selected for the study, 
allows motor operation only and very little regenerative — 
braking. Since the rectifier is an uncontrolled diode 
bridge, it is not capable of feeding power back to the three 
phase supply like a thyristor bridge would. Therefore, any 
amount of energy generated by braking the motor only serves 
to charge the filter capacitor and the excess voltage has to 
be limited by some means. This is done by connecting a 
resistor in parallel to the filter capacitor. Hence the 
efficiency of the inverter is reduced. If regenerative 
braking is desired, some overvoltage control circuit should 
be employed. A suitable way of doing this would be to 
connect a resistor and a high-voltage power transistor in 
series and connect this circuit in parallel to C,. The 
transistor would be switched on whenever the voltage exceeds 
an upper limit and switched off slightly above rated 
voltage. The transistor and resistor would have to be able 
to carry more than twice the rated motor current for short 


periods to make this limiting circuit effective. 
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3.2 The Commutation Sequence 

The commutation sequence has to be explained more 
thoroughly since an understanding of this concept is 
essential for safe operation, trouble shooting and for 
understanding the design requirements of Chapter 3.5. 
Assuming the commutation capacitor C, of Figure 3.1 is 
charged to the supply voltage E with the left-hand plate 
positively charged from the previous cycle, the commutation 
is initiated by gating thyristors ThB and ThC 
Simultaneously. This connects the capacitor C, to the 
positive inverter bus. The voltage across the upper 
conducting thyristors is reversed to -E and the upper - 
commutation inductor L, is forced to support a voltage of 
2E. The negative voltage across the conducting thyristors 
forces them to go off. The load current flowing in L, is 
diverted to C, and charges it up to the positive supply 
voltage. At the instant C;,; is charged to +E , the 
free-wheeling diode DA starts conducting and takes over any 
current flowing previously through C,;. This causes ThB and 
ThC to go off. The path for reactive components of the load 
current is provided by the lower diodes and that thyristor 
in the lower half-bridge which had been conducting prior to 
commutation. This completes the positive commutation 
sequence. 

The procedure for commutation of the lower half is the 
Same, except for ThA and ThD now being gated on. The 


commutation circuit and its simplified equivalent are shown 
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Figure 3.3 The voltages and currents at commutation 
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in Figure 3.4. The circuit is a simple LC circuit and under 
a number of assumptions, its penawior can be described by a 
second order differential equation. The simplifying 
assumptions are: 
- the inductance is concentrated in L, (or L, re 

spectively), 
- the capacitor voltage has no overshoot, 
- the thyristors are perfect switches, and 
- the load current remains constant during commutation. 

The differential equation describing the circuit during 


this portion of the commutation cycle is given by Equation 


5 eal 
di at : 
Lae -<,(0) +5 f tate - B= 0 (3.1) 
with the initial conditions i,(0+) = I, and e (0+) = -E. 


Solving this equation with the initial conditions inserted 


leads to, 


HEF 
i5(t) = OL tt wt + 1 cos wt (3.2) 
This solution is valid until C, has charged up to +E. The 


commutation time-interval t.is found by differentiating Eqn 


(3.1) and letting di/dt = 0. 
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Figure 3.4 Equivalent circuit at commutation instant 


The current in the reactor L, has reached its maximum 
at the end of commutation and its magnitude can be 


e@eemrated Dy SUDStILULANg t in’ Equation 3.2. 


es 4 E 2 
vin. whneses oe Sy 


(3.4) 

In order to minimize the commutation losses of the inverter, 
the trapped energy in the reactor has to be minimized. An 
iteration method to obtain minimum trapped energy is 
described in reference [14]. Using the results of reference 


[14], a general expression for computation of the values for 


Ee ys ana’C,, can be obtained.They are given by 


ree nee too (3.5) 
th 
papa gO 
¥ E (3.6) 


Wherestay es isethe thyristor curnoir time. 


As mentioned above, the commutation circuit determines 


the dv/dt for the main thyristors, thus eliminating the need 
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for snubber circuits to protect the thyristors. However, 
this does not apply for commmutation thyeustonusei nA Onin. 
Consider the case where the capacitor has been charged with 
the left-hand plate positive. Before commutation, all 4 
thyristors are off and there is no potential difference 
between anode and cathode for ThA and ThD. Now ThB and ThC 
are gated on and the cathode of ThA drops suddenly (in about 
2ps) to the negative bus potential. If the supply voltage is 
Hegneenough, the adv/dt will exceed the rated value for the 
ehosen thyristor “and will cause a Short-circuit across the 
dc-bus, since ThA turns on when ThD is already conducting. 

Thessituation forgThD is different. The right —hand 
plate of C; was charged negatively,but after ThB is gated 
Onpethere is still no Weltage difference from anode to 
cathode, so this thyristor will not turn on. When the second 
Pain ot thyristors ismaated jon, thyristor ThC 1s now 
Subjected to the high dv/dt. So the left hand branch, which 
Has the least protection by other circuit elements, 1s 
always subjected to the high dv/dt. 

A second threat to the life of the Semiconductors is 
caused by their own turn-on delay time. When ThB and ThC are 
gated on, ThB will start conducting after about 2ps delay. 
If ThC did not begin to conduct, there is an initial voltage 
step across it with the magnitude of E that has a very fast 
rate of change. The blocking voltage of ThC is therefore 2E. 
The way to overcome these problems is to insert passive 


elements in the commutation circuitry. Snubber circuits 
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across each thyristor are used to reduce the voltage spikes 
and assure equal voltage distribution in every branch. A 
small inductance in series with the commutating capacitor 
gives satisfactory results. The additional inductance is 
small compared to the size of the COnnCC aE Ton Inductoreu.w OL 
L, so the commutation time is not affected, but the dv/dt 
across the nonconducting thyristors is decreased. The 
equivalent circuit for one thyristor can be seen from 


Erqure 3.5. 


Figure 3.5 Thyristor with snubber circuit 


The voltage spike produced by the mechanism described lasts 
for about 1ps. To filter this spike, the time constant RC is 
made about 10 times this value. To determine R, one has to 
take into account that the energy stored in C will be 
dissipated in R and Th upon gating the thyristor. The 
Capacitor discharge current will add to the load current I, 


and therefore affect the current rating of the semiconductor 
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device. The discharge current has its maximum value 
immediately after the turn on of the thyristor. For 
reliability reasons, the resistor should be chosen to limit 


the current to 1/4 of the current rating. 


3.3 The Firing Circuit 

The main thyristors are fired by optically coupled 
auxilliary thyristors. The firing circuits comprise only a 
few components as shown (omens circuit diagram of 


Figure 3.6. 


N/ Sab 


Figure 3.6 Optically coupled firing circuit 


In Figure 3.6, D, is an indicator LED on the panel of the 
inverter. The current for this LED is limited to 15 mA by 
R,. R, is designed to limit the LED-current of the 
optocoupler to 40 mA in order to turn on the detecting 


thyristor sufficiently fast. The C.R; parallel combination 
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is for improving the av /at characteristics of the 
optocoupler. R, limits the gate current for the main 
thyristor to 160 mA. This high value is necessary to turn 
Bnemenyristor en fast enough. There is, however, not much 
gate power to be dissipated, since the duration of these 
pulses is only 1 to 5 ps depending on the turn-on delay of 
the main thyristor. The duration of the pulse that drives 
the LED was set to 100pS7in order to get all thyrastors 
fired. This duration can be varied by changing the software 


of the control computer,but must not be made less than 60ps. 


BeeeTheuProtection Circuit 

During the testing phase in the lab, and later on in 
field service, overcurrent conditions may occur. This may 
result in a commutation failure and subsequently in a 
Short-circuit across the dce~bus. To avoid damage to the 
semiconductors, they have to be disconnected from the filter 
Capacitor by some hardware device. If this is not done 
sufficiently fast, the large amount of energy stored in the 
filter capacitor will be dissipated in the semiconductors 
that caused the short and will inevitably destroy the 
Semiconductors. Software detection of a commutation failure 
was considered impractical because a/d-converters would be 
too slow and blocking of firing pulses would have no effect 
on thyristors that are already in the conducting stage. AS a 


result of the above considerations a protection circuit, as 
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Figure 3.7 Overcurrent protection circuit 


depicted in. Figure 3.7, was designed. This circuit operates 
in the following way. Resistor R, actS aS a current sensor 
which leaves transistor T, in the off-state as long as the 
Geacurwuentues less than 12 A (the current rating, of the 
chosen thyristors). The position of R, was chosen in such a 
way that the spikes caused by the commutation current do not 
affect the sensing transistor. This may have a delaying 
incitience. on the protection circuit, but the trigger level 
was set sufficiently low to ensure safe operation in the 
normal state. As soon as the voltage drop across R, exceeds 
(eo ear wine start conducting..alns tires them basemporentaa! 
of T, more negative and this transistor starts conducting 
also. Thus Th, is gated on and eventually destroys the fuse, 
thus disconnecting the rectifier and filter network from the 


inverter side of the dc-bus. The combination R, and D,; have 
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a positive feedback effect on T,. The voltage drop across 
R,(which serves as a current limiter for Th,) drives T, (and 
T,) completely into saturation to ensure sufficient gate 


cumnenter for Th... 


3.5 Design Considerations for the Inverter Components 

The inverter is to be operated from a three-phase 
ac-supply with the phase voltage V = 120V. The output 
voltage of the three-phase rectifier can be calculated from, 

2 
Nh ela fh Mp sin wt dwt = - AG eet fest has (22°73) 
fe) 
with p = 6 for the bridge rectifier. The motor is rated at, 
208 V / 2.8 A fsiol) 


so the peak current is, 


28/2 A= 3.9 8 | (3.9) 


An increase in current can be expected when the motor 
is not operated from a sinusoidal supply. The harmonic 
currents were expected to add about 20% of rated current to 
the motor current. For overload conditions a current of 6 
times rated current has to be assumed, so the thyristors 
have to be able to carry 12A rms current. Since every 


thyristor conducts for 180° the average current is 24/2=124, 
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The bles kane voltage was calculated to be, 
ue ie Dee eee te) ed he 209 Ly, (3.10) 
with the safety margins determined as follows: 
- factor of 2 , since the thyristors may have to withstand 
twice the dc-bus voltage, 
prLactore). |lphor 110% 20vershoot; 
- factor 1.1 as a general safety margin 
A blocking voltage of 400V was considered suitable but 600V 
thyristors were readily available and hence they were used. 
Because of the higher switching frequencies in the 
PWM-inverter, fast thyristors had to be employed. Pertinent 
Gabamok thesthyristorneis 
600pVr/125A (915 .tor35) jis 

The rectifier diodes each have to carry the load 
current for 1/3 of the period of the mains voltage , so the 
average diode current for an overload current of 24 A is 
8 A. The commutation elements were designed using Equation 


eo . 5Sifandass6 ) 


6.18 mH 


= 
i] 


1247 7uF 


Qa 
i} 


An initial design was done using a much slower 
thyristor and when faster thyristors were Substituted the 
original inductors were left in the circuit and only the 
capacitance was adjusted to meet the new design 
requirements. This meant that the design is suboptimal but 


the commutation losses were still within reasonable Dbimits. 
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The final values for the circuit components were L = 5mH, C 
= 3.0uF. AS can be seen from the circuit of diagram 

Figure 3.8, in every semiconductor path there are protective 
fuses. Only fast-acting fuses were used to protect the main 
thyristors. A’current rating of 8 A provided sufficient 
protection. For the diode bridge protection slow-acting, 

10 A fuses were sufficient. 

The inverter, built of the components mentioned in this 
chaptew, was mounted in a 19” rack. A®bpotal, numbersof 410 
Current shunts were included for measurement purposes. The 
shunts are located in the 6 thyristor paths , 3 motor phases 
and one is used for measuring the dc-link current. From this 
latter one, the signal for the isolating current amplifier 
is taken and, after amplification, is fed into the control 
computer. The isolation amplifier is designed to give an 
output Signal of 2V per A. The voltage signal for the 
control computer is taken from the differential amplifier 
TC, of Figure 3.8. This amplifier has aggaim of 91/40 in 
order to produce an output voltage of 10 volts at an input 
OF 400V. 

An interface between the microcomputer and the inverter 
was designed to drive the optocoupled thyristors and the 
indicator LED's for each channel. This is an emitter- 
follower type circuit and is designed to deliver 60mA for 
the main thyristor-couplers and 100mA for the commutation 


thyristor-couplers. A total of 8 pulse channels is needed 


from the microcomputer, six for the main thyristors Th, to 
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TH. and, Since the commutation always fires two thyristors 


at a time, two more channels are needed. 


additional 
stages 


IC,= LM7808 


= 2N3905 
= 2N3904 
: Oc = MCS2400 
rom = 
: C,=-1--nF 
microcomputer C,= 10 uF 
C,= 1000 uF 
R,= 18 k 
R,= 2.4 k 
R,;= 2.4 k 
R,= 1k 


Figure 3.8 The microcomputer to inverter interface circuit 
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4. Description of the Induction Motor and Related Equipment 


4.1 The Induction Motor 

The induction motor used in the study was tested 
thoroughly in the laboratory in order to obtain’ data for the 
control algorithm. The parameters obtained from the measure 
ments are given in Table 4.7. 

The motor data were measured using the circuit given in 
Figure 4.1. Various tests were conducted and the 


experimental results are given in Tables 4.3 to 4.6 


wattmeter motor generator 


Figure 4.1 Circuit arrangement for measuring induction motor 


parameters 


The current for s=1 and rated voltage is computed from 


It. Wr = 12.22 A (4.1) 
and the total stray inductance from 
V 
X, + a®Xo= sin 6 (4.2) 
ph 
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Table 4.1 Motor nameplate reading: 


Wagner Leland 
Sangamo Company Ltd. 
Guelph Can. 


Spec, 912043-04 


Leland Electro 
Guelph Can. 


Table 4.3 Locked rotor test 


finally the combined stator and rotor resistances jinom 


ph 
Ry + a*Ro= cos 9 
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The results from this test yield the magnitude of the 


magnetizing inductance ane 1 
m I 
ph 
V sin 6 (4% 3) 
ph 


Table 4.5 Load tests 
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Table 4.6 Stator resistance measurement 


With these data,all motor parameters weré determined 


with the derived parameters shown in Table 4.7 


Table 4.7 Derived motor parameters 
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4.2 The Control Computer 

The microcomputer used was available as part of the 
Power Lab Equipment. It consists of an LSI11/2 CPU with 
serial and parallel input-output boards,a real-time clock, 
a/d and d/a converter boards and two magnetic tape drives, 
all combined in one enclosure. This will be aetinesad to in 
the following pages as a SNORKEL-terminal, according to the 
manufacturers terminology. Programs can either be run in 
stand-alone mode on SNORKEL or under assistance of a 
host-computer. The host in this case was an LSI-11/23 which 
supports higher level languages like FORTRAN 77 and C. The 
powerful features of the C language, in combination with the 
debugging facilities of the UNIX operating system, made 
program development quite easy. 

The LSI-11/2 has hardware floating point implementation 
which is not generally found in microcomputers. This is of 
importance in certain applications and especially in 
real-time control of fast processes like motor control. A 
weakness of this microcomputer, however, is the limited 
speed with which it can do programmed I/O. This drawback 
didn't concern this project very much since the gating of 
thyristors required no handshaking signals. 

The normal mode AE operation in the program development 
phase is the UNIX-assisted mode. In this configuration a 
Standard data terminal is connected to SNORKEL which is 
linked to the host computer by means of a serial line and 


two high speed parallel lines. The only task for the SNORKEL 
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terminal to perform in the application software development 
phase is echoing characters back and forth between the data 
terminal and the host computer using the serial line. This 
is called the transparent mode. Once a program is to be 
executed by SNORKEL, this program is loaded ‘ays fer memory 
from the host computer using the parallel lines and, on 
‘completion of the loading operation, control is transferred 
to the SNORKEL. The host then acts as a supervisor and 
allows the SNORKEL access to its (the hosts) file system and 
operating system. 

In contrast to this is the stand-alone mode where 
SNORKEL receives commands from the data terminal only. A 
stand-alone version of a program can be obtained by using a 
different compiler and loader option than in normal 
compilation. The stand-alone version can be saved by writing 
it on magnetic data-tape. This operation makes use of the 
second tape drive in SNORKEL, in conjunction with the tape 
handling routines. The tapehandling software package 
contains routines which make the tape self-booting. 
Whenever SNORKEL is switched on, it first reads the tape 
mounted in drive 0 .and loads the contents from that tape 


into memory, this can be either a transparent task or an 


executable program. 
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5. Program Description 


5.1 Main Routine 

After being loaded into the RAM of SNORKEL, either from 
the host computer or from a magnetic tape, the control 
program starts by asking the user for input. The main 
routine is the one that branches to several subroutines 
according to the information given by the user. The 
flowchart is shown in Figure 5.1 “eal & la steot commands is 


given in Table 5.1. 


Table 5.1 Commands for the motor control 


Catalog produces a list of command on the terminal 

Help does the same 

Display shows values of voltage,current,stator - 
frequency, as well as controller gains 

New 

Frequency asks for input and starts motor at the 
new speed 

Parameters enables the operator to change control 
gains on line 

Reverse lets the motor spin backwards 

Soft performs a softstart from zero speed 

Torque Asks for a limit and then increases 
the speed up to that value hereby 
keeping the torque in a certain range 

Quit stops execution 

Stop does the same 
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Figure 5.1 Flowchart for the main routine 
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After initialization of the global variables the 
routine prints a prompting message on the terminal and then 
waits for commands. After a keyword has been typed in, a 
routine "compare" is called that simply compares the keyword 
witneavlist of commands and returns ya number corresponding 
FOeChe position of the keyword En the command tists ontys the 
first three characters are used for the comparison to 
facilitate easy use. The commands in the list were stored in 
alphabetic order for the search.The number returned by the 
comparison routine is used for branching to the several 
functions. The command "reverse" may only be issued after 
the motor has come to almost standstill. The reason for this 
being that it is impossible to feed power back to the mains 


as described in Chapter 4.1 


See eROUPING LS tart. 
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Poop inawhich another loop as embedded. Thevonly exit trom 
that infinite loop is through typing something on the 
keyboard. The micro will thereafter perform a commutation 
Sequence and return to the main routine to call for Pipute 


The second loop is repeated five times, each time writing a 


Gifferent bit pattern to the digital 1/O-board and this way 
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completing a full cycle of the output voltage. After the 
firing pulse has been put out to the inverter, time remains 
for performing other tasks. Depending on the desired stator 
frequency,the remaining time is from 2.5ms (for frequencies 
up to 60 Hz) to 1.5 ms (for maximum frequency). A check of 
System variables is only necessary every full cycle of 
output frequency, hence the particular task is only 
performed every sixth run through the loop. Depending on the 
value of a loop counter and after checking certain flags, a 
Subroutine is entered. After return from the routine a 
walting loop is entered and nothing is done until the 
real-time clock signals overflow. When this signal is 
acknowledged by the CPU the end of the conduction interval 
Psetreached and a,commutation thyristor pair 1s to bes tired, 
The end of the nonconduction interval alpha is detected in 
emortner loop. This time cannot, be usedmionw executioner 
Subroutines, since at frequencies above 30 Hz the remaining 
time would be insufficient. The order of commutation pulses 
Boenoomarbltrany »esince, Only .Onemhallimotsthesbiadgem:s 
commutated at a time as described in Chapter 3. The 
constants EGON and FRIDA are for extinguishing the positive 
and negative half respectively. 

The "start" routine also catches interrupt signais that 
might occur. For instance the "convert" routine signals a 
floating point exception when a very small value for the 
frequency has been read and divide by zero Nhassoccurred. 


Detection of interrupt signals is essential for ensuring 
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safe shut down of the inverter. If the Signals were not 
detected, the program would be terminated immediately 
leaving, the main thyristors in the conducting state, which 
would destroy the inverter. In order to safely shut it down, 
Enesroutine= “interrupt is called which tires the 
appropriate commutation thyristors, then writes a message to 


the terminal and terminates execution of the program. 


5.3 Routine "convert" 

AS waS pointed out earlier, the control strategy is 
Seiomcontrol but underlying this asa voltages conuno! 
mechanism. The average value of the output voltage is varied 
in three intervals. From 0 to 30 Hz the output voltage as a 
function of frequency has a different slope than from 30 to 
60 Hz. This is necessary for compensating the increased 
effect of the winding resistances. The average value of the 
Output voltage as a function of frequency is shown in 
Fignge 5.3. in the interval from 30 to 60 HZ) the foutput 
voltage rises Vinearlyito ia maximum value. This is 
accomplished by keeping the conduction interval beta 
constant and varying the nonconduction interval alpha. The 
line to line voltage for the pulse width modulation inverter 
has a six step shape which is shown in Figure 5.3. 


The average output voltage can be computed from 


Fourier-analysis, 
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Figure 5.4 Inverter output voltage 
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So that, 
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It can be seen that keeping the interval beta constant while 
varying alpha, will vary the frequency but keep the ratio 
V/f constant. 

For frequencies in excess of 60 Hz, the average voltage 
remains constant as the frequency increases. This is 
equivalent to decreasing the flux and has the same effect as 
field-weakening for a dc-shunt motor. These considerations 
have been implemented in the routine "convert", which takes 
the frequency as an- argument and, depending on the range, 
performs the necessary calculations for the intervals alpha 
and beta. The real-time-clock of the SNORKEL can only be 
programmed in integer values and consequently the reciprocal 
of the frequency has to be converted to an integer without 
increasing the error considerably. This is done by 
multiplying the reciprocal of the frequency by 10‘ which 
gives the period in ps. The necessary computations for 
determining the intervals alpha and beta are performed 
taking into account the system delay time. This is 
approximately 200 ps and is the time it takes the 
microcomputer to come out of the waiting loop and 
reinitialize the timing loop in the routine start. The 
routine returns to the calling function after setting 


pointers to the new addresses for alpha and beta. 
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Figure 5.5 Flowchart for the routine "convert” 
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5.4 Routine "speed" 

The actual speed control is performed in this 
Subroutine using a digital proportional-integral- derivative 
control algorithm (PID control). A schematic of an analog 
PID controller is shown in Figure 5.6. The three 
Sub-controllers each compute a change of the output signal 
from the error signal and the three outputs are added 


togeehersandhpassedetogehe process. 
"i 


Figure 5.6 Schematic of PID controller 
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this signal was fed into a frequency to voltage converter 
and then passed to the microcomputer analog channel. This 
method of signal processing was chosen in order to keep the 
interfacing hardware to a minimum and to make use of the 
facilities of the SNORKEL. It is clear that because of the 
double conversion a higher error can be expected. In a 
Subsequent shaft speed detector system a direct digital 
conversion should be used. 

The routine "speed" computes the new stator frequency 


Prommequation 5). 13 


f, = £,(n-1) +A CS a13)) 


The error signalAis composed of the integral, derivative 
and proportional parts, which are computed by the following 
difference equations. 
The proportional action is given by, 
Ap = Bok e(n)- e(n-1) ) 


(5351/45) 


Sx r(n)-f5(n) - r(n-1) - £2(n-1) ) 


Since the reference signal is assumed to be unchanged this 


leads to, 
Ap = K £5 (0-1) een) ) Gs}.5 he) 


Integral action is described by the instantaneous equation, 
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The discrete form of this equation is, 


he 7 Kye) = Ke ernest nye) (5.17) 


and hence, 
Ai = K, At @r(n)e— 315) 9) = K, Ta(Gr(n) ests (nm) ee cocnoD 


with T=sampling time 


Derivative action is accomplished with the following 


algorithm, eee re 
= cee getnD= 
Serr: haat 
Be eee SEE (n=) ete (n= 2) (5519) 
d At At 


K 
= = ( x (m)-£2(n)-r (n-1)+£2 (n-1)-1 (n-1) £9 (n-2)tr(n-2) ) (5.20) 


nd 
= -2( 2£2(n-1) - £2(n-2) + f£2(0) ) (5.21) 


The output signal is formed by adding all the components 


together,yielding, 
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£,(n-1) + K, ( fo(n-1) - f2(n)) 


ae KT cr (n) — f5(n))/ 


+ Fa ( 2f2(n-1) - fy(n-2) - fo(n)) 


(S52) 


The new stator frequency is then computed according to 
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Equation (5.13) and control is passed to the "start"-routine 


again. 


compare 
input 
with list 


return 


(= 1) 


Figure 5.7 Flowchart for routine "compare" 
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perform 
commutation 
sequence 


Brine 
error 
message 


terminate 
execution 


Brgures=5-6  flowchaltutOmestne ms COULING Saas nLe: DUD meand 
“"overcurrent" 


convert 
current 


Se 
CULEELag 


exceeded 


convert 
voltage 


Figure 5.9 Flowchart for 


routine "checkcurrent" 
return 
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compute 
IG fans’, AX! 


compute 
change 


change 
>Siipe lami 


hange 
< negative 
a Oe tie 


limit 
change 


compute 
frequency 


return 


Figure 5.10 Flowchart for the routine "speed" 
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6. Experimental Results 

The equipment described so far was connected together as 
Shown in Figure 6.1. The inverter was fed through a 
autotransformer which served as a variable ac-source for the 
inverter.The best results were obtained when adjusting the 
voltage so that a dc-bus voltage of 150 V was measured with 
the machine not running. With this magnitude of voltage the 
motor can be started at any Aesiced frequency. The dc-bus 
voltage drops, however, when the motor is started and during 
normal operation.This voltage drop is due to the large 
filter inductor. The magnitude of this choke could be 
reduced in a subsequent design. 

The inverter proved to be sufficiently fast to produce 
a pulse width modulated output waveform. However, as 
mentioned in Chapter 3.5, the design of the commutation 
circuit is suboptimal and therefore performance of the 
circuit can be improved by recalculating the components in 
the commutation circuit.The values of the commutation 
erements'b,,u, and C, in the current design =givera 
commutation time t of 120 us. This is the time it takes for 
the inverter bus voltage to rise from -E to +E at 
commutation instant. This time can be safely reduced to 40 
us. The size of capacitor C,; should be increased since this 
improves the current carrying capability of the inverter. 
With increasing capacitance the inductors will be decreased 


accordingly. The value can be determined with the formulae, 
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(61) ii (6.2) 
Since t is approximately 1/2 of the period. Suggested values 
for C; and L,, L; are 5.0uF and 1mH respectively. 

A further improvement can be expected by using another 
type of diode for the freewheeling diodes DA and DB. Using 
devices with more current handling capability will render 
the resistors RA and RB unnecessary and will therefore 
reduce commutation losses. This is of particular interest at 
low frequencies since then losses in the two resistors are 
high. The current in the freewheeling path has the same 
magnitude at all frequencies but the duration of its flow 
through the path is longer at frequencies from 10 to 50 Hz. 
At frequencies higher than 50 Hz the commutation is almost 
immediately followed by a conduction interval. When the main 
thyristors are gated the current that was flowing in the 
freewheeling path is diverted into the motor and therefore 
the losses in resistors RA and RB are reduced. At 
considerably high frequencies the commutation losses rise 
again since the number of switching cycles increases and the 


dissipated power is proportional to 


oc W fi C63) 


A more sophisticated way of reducing the commutation 
losses is to use a three-winding pulse transformer as 


suggested in reference [8]. Rather than have the commutation 
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energy dissipated in resistors it can be fed back into the 
filter capacitor and serve to improve the overall efficiency 
of the inverter. 

The control computer proved to be sufficiently fast to 
drive the inverter in the frequency range from 10 to 100 Hz. 
As mentioned in Chapter 5.3, the output voltage of the 
inverter has a six step shape with each step consisting of a 
conduction interval beta and a nonconduction interval alpha. 
Between the firing pulse for a particular conduction 
interval and the extinguishing pulse, time remains for the 
computer to perform background operations, like measuring 
current and voltage and performing the speed control task. 
The interval alpha is varied in wide limits and therefore 
can not be used for background operations. The minimum 
Gonduetson interval*is*e? msO(this#iseat 100"Hz2) Fand Fat 
this point the microcomputer was capable of performing all 
the required functions. The a/d conversion routine "check" 
which measures two quantities requires a large amount of 
evmevana is a crucial pointeiorethe limitation topeourput 
frequency. 

GNORKEL@Is not@fasteenotgqh@for «switching ’morerthan six 
eomes@per fuliveyele ofPoutpur voltages aereleastewreyethe 
program as it is now). If a multiply switched output 
waveform is desired the inverter part should be done with 
transistors, which would eliminate commutation circuits, 


reduce losses, and would facilitate very short conduction 


intervals. 
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6.0.1 Measurements 

When making measurements on the inverter circuit one 
Should be aware of the fact that metallic Pantspometne 
inverter can be connected with the mains and that the 
positive and negative dc-bus potential, when grounded 
through the oscilloscopes ground lead > will) be 
ShOnte=ciecuited. The reason for this is thatsno isolation 
transformer is used to provide the variable ac and the 
autotransformer always gives a direct connection to the 
mains. 

Hence it is important that the oscilloscope be operated 
through an isolation transformer. Furthermore one should 
assure that no conducting part of the casing of the 
Oscilloscope moins touch with conducting: pants sore other 
equipment. If one of these two conditions is not satisfied, 
shortecircuits can Occur and semiconductors will be 
destroyed. 

The currents can be measured using the shunts that were 
included) in the inverter design. 1f is less ftailure-prone, 
however, and better results can be obtained, using an HP 
456A ac current probe that can be clipped around any 
insulated conductor. The probe gives an output voltage of 
1 V/A. 

The picture shown in Figure 6.2 shows the current of 
phase A on the upper trace and the VOLtageny won the slower 
trace, taken at a frequency of 60 Hz. Figure 6.3 shows the 


Same measurement values but at a frequency of 15 Hz. The 
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arrow is pointing to the interval in which the feedback 


diodes are conducting. The voltage seen in this interval is 


the motor-e.m.f. 


Figure 6.2 Phase current Figure 6.3 Phase current 
and line to line voltage and line to line voltage 
ateo0eHz. Sensitivity §: mate OeHZ moensitivitves 
2A/div,50V/div 2A/div,50V/div 

time : 5ms/div time : 10ms/div 


The blocking voltage of the commuteasen thyristor ThC and 
the current through this device are shown in Figure 6.4. The 
waveforms shown in Figure 6.5 through 6.7 are pictures of 
the commutation current and the dc-bus voltage (lower 
trace). From these figures it can be seen that the voltage 
has an appreciable overshoot caused by the resistors Ry or Rp 
respectively. Figure 6.6 , taken at a frequency of 60 Hz, 
shows that a triplet of thyristors is fired immediately 
after ‘completion of the commutation. The duration of the 
voltage overshoot is reduced since the current through the 
feedback path is now diverted into the main thyristors. The 


last two pictures show the firing pulses for thyristor Th, 
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(upper trace) and ThB+ThC (lower trace), taken at different 


output frequencies. 


Figure 6.4 Commutation Figure 6.5 Commutation . 

current and blocking voltage. current and dc-bus voltage. 

Sensitivity: 2A/div,50V/div Sensitivity: 2A/div,50V/div 
time: ims/div time: 0.2ms/div 


Figure 6.6 Commutation Figure 6.7 Commutation 
current and dc-bus voltage. current and dc-bus voltage. 
@©60 Hz @15 Hz 
Sensitivity: 2A/div,50V/div Sensitivity: 2A/div,50V/div 


time: ims/div time: 10ms/div 


s7c--h Sea snewsen - Pla 
Ei-Y. ¢sitvi signs Cee ate at 


neizenwrace Ped e3api7 agate wes 4g 4.2 
seasioy dud-2h baw yaa 9962 avd-ob One 
a2 3 ve 

(2962.7 OLAS + ertvlelanel weRRE c10\as tysivistanse 
: tem@ig ©) : 


Vib. ane? cen 


hs 


Figure 6.8 Firing pulses Th Figure 6.8 Firin ulses Th 

and The+ The. @60 Hz and Thgp+ Thc. ete He 

Sensitivity: 2V/div,2V/div Sensitivity: 2V/div,2V/div 
time: ims/div time: 5ms/div 


Figure 6.10 shows recording of the motor speed for a 
manual step change in reference signal. Future projects 
could involve programming the microcomputer for different 
starting sequences using selectable reference value 
profiles. 

Figure 6.11 shows a transient for the motor speed where 
the motor speed is controlled by the "softstart” command of 


the control program. 
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Figure 6.10 Stepresponse of Figure 6.11 Rotor speed vs. 


rotor speed. Upper trace: time.for softstart.. Upper: 
reference, 120 rpm/div reference, 120 rpm/div 

Lower: speed, 100 rpm/div Lower: speed, 100 rpm/div 
time: 1 sec/div time: 1 sec/div 


The response to changes in motor load conditions is 
Showin agqure 6. 12) and 6135 VFirgure 6.12 shows erhe 
Ge-generator cilirrent and rotor speed fore open=loop 


conditions (no shaft-speed signal feedback to the 
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MECEOCOMpULET.). Figure 6.14 illustrates transient recordings 


of the same signal for the closed loop-case with 


proportional control. With this latter controtierj © a change 


in load current of 20% results in a Steady state error of 


about 8.4%. 
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Figure 6.12 Stepresponse 

load change. Upper: 

Poads CULT ent peeOo may aly 

Lower: speed, 60 rpm/div 
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a7 


Figure 6.13 Stepresponse with 
feedback. Upper: Load current, 
200 ma/div. Lower: rotor 
speed, 60 rpm/div. 


time: 1 sec/div 
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th Conclusion 
This thesis presents theoretical considerations and hardware 
design description for a speed controller of an induction 
motor using a microcomputer. The supply for the motor 
consists of a three-phase, pulse-width modulated voltage, 
which is synthesized by the microcomputer gating the 
thyristors in a dc-side commutated inverter. The possible 
applications for a variable speed drive using an induction 
motor are pointed out. Applications include drives for large 
fans, centrifugal pumps, conveyor belts or similar tasks 
where a dc-motor cannot be applied because of adverse 
environmental conditions.The use of a microcomputer as 
controller for the inverter and the advantages of its use 
are described. 

An introduction to the fundamentals of variable 
ae-drives is given, including a descriptivon characteristics 
of induction motors operated from a nonsinusoidal supply. 
Various schemes for generating such a supply and several 
choices for control strategies are stated. It 1S pointed out 
that the most reasonable method of controlling the induction 
MoCOreiSetne Constant, slip COnuUroly andlthisestirategyewas 
employed in the study. 

The inverter used in this study as well as the 
characteristic features of the motor and the control 
computer are described, giving detailed design 


considerations. 
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A description is given of the software for generating 
mnewegatelpulsesufor the inverter and the contro! routines, a 
list of suggestions for improving the inverter performance 
and a chapter with results of the design. 

It 1s hoped that the inverter and the software package 
developed in this project will be a valuable tool for 
further research on variable speed-ac drives in the 
Department of Electrical Engineering at the University of 


Alberta. 
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